heating 4 . In winter, blocking can be important for the equatorward advection of polar air masses downstream and the subsequent occurrence of cold spells 2, 3 . Dipolar configurations of blocking and surface cyclones are often associated with near-surface wind extremes 5 , and blocking can act as a precursor to heavy precipitation events downstream 2 . However, potential future changes of the frequency and location of blocking and related weather extremes are still largely uncertain 8, 9, 10 . Furthermore, climate models typically exhibit biases in the representation of blocking 18 and weather prediction models sometimes fail in accurately forecasting blocking onset, maintenance or decay 19 . It is thus essential to better understand and quantify the mechanisms leading to blocking formation.
A variety of theories have been proposed that describe different mechanisms involved in blocking dynamics, but a complete theory of the blocking life cycle is still missing (see the overview in ref. 17). Planetary-scale theories focus on large-scale waves and their interaction with the topography. Local theories emphasize the role of wave breaking 16 and the isentropic advection of air with low potential vorticity (PV) into the blocking region 12, 13, 14, 15 . All these theories are essentially based on dry atmospheric dynamics, and diabatic processes have only been considered in an indirect way, e.g., via the triggering of Rossby waves by tropical convection 13 . There are only few studies pointing to direct diabatic effects on blocking: Tilly et al. 20 investigated two events in the Southern Hemisphere and found substantial diabatic contributions to blocking intensification, whereas Cheung et al. 21 found diabatic effects to be of secondary importance for blocking formation over Siberia. determine the sources of the low PV air. By tracing the evolution of θ and PV along more than 10 8 trajectories during the 21 years, we can discriminate between adiabatic PV advection (as described in the classical blocking theories 12, 13, 14, 15 ) and crossisentropic transport due to in-cloud latent heating, and climatologically assess the frequency of the two mechanisms. The robustness of our results with respect to the blocking identification is evaluated through comparison with a more classical blocking index based on geopotential height 27 .
The PV-based index identifies blocking mainly over the North Pacific (40-60ºN) and
North Atlantic (50-70ºN) in all seasons and over the Arctic in summer 4 ( Fig. S1 ). By design of the PV-based index, all blocking trajectories are characterized by negative PV anomalies (calculated as the deviation of the trajectory's PV from the seasonal climatology at the same location) at day 0, i.e., at the time of arrival in the blocking region (black line in Fig. S2 ). For the geopotential height index, the PV anomaly distribution at day 0 is very similar (dashed line in Fig. S2 ), corroborating that the two indices identify dynamically comparable features. The key question now is how these PV anomalies have been created and whether their creation involved significant diabatic heating. Figure 1a shows, for all blocking trajectories, the joint frequency distribution of the PV anomaly at the location of the trajectory at day -3, i.e., 3 days prior to arriving in the blocking, and the diabatic heating during this 3-day period. The diabatic heating is calculated as the difference between the θ-maximum and previous θ-minimum along the trajectory (see methods). This distribution clearly reveals two contrasting regimes of air parcels contributing to blocking: a quasi-adiabatic regime with almost no latent heating but a wide range of PV anomaly values at day -3 (between -3 and +1 pvu), and a diabatic regime with a strong increase of θ and fairly small PV anomaly values at day -3
(mainly within ±0.5 pvu). A threshold of Δθ = 2 K is used to separate these regimes (dashed vertical line, Fig. 1a ). The no-heating regime comprises 54% of the blocking air masses, while 46% experience a heating of more than 2 K (category C, Fig. 1a ).
Trajectories in the no-heating regime are further classified according to the sign of their PV anomaly at day -3: 44% of all trajectories are associated with a negative PV anomaly (category B) and 10% with a positive PV anomaly (category A). If PV anomalies and maximum diabatic heating are evaluated along the 7-day backward trajectories, diabatic processes are even more important (Fig. 1b) . On this time scale, 69% of the blocking air masses experience latent heating Δθ > 2 K. The contributions of the different categories do not vary substantially between different seasons (Fig. S3) .
When using the geopotential height index 27 to identify blocking, the number of diabatic trajectories is slightly lower on a 3-day time scale (32%), but more comparable for -7 days (61%), which can be explained by the typical spatial configuration of PV and geopotential height anomalies (see Fig. S4 and discussion in Methods section).
Interestingly, the number of air parcels affected by diabatic heating varies with blocking age ( To obtain a more detailed picture of the differences between air parcels in the 3 categories defined above, Fig climatological PV is higher 13 ( Fig. 3f ).
For category C, the median diabatic heating along the 3-day (7-day) trajectories is 8.5 K (12.5 K) and it reaches values of more than 25 K in 3 days (Fig. 3a) . A median heating of 7.2 K in 3 days is found for the geopotential height blocking index. The large meridional displacement and ascent of the diabatic category C trajectories (Fig. 3e,f) indicate a pronounced cross-isentropic flow of air from lower latitudes and altitudes into the blocking anticyclones. In winter, the trajectories originate mainly from the western parts of the North Atlantic and North Pacific storm tracks (Fig. 4e) . Origins over land are much more abundant in summer (Fig 4f) . This difference is consistent with the seasonality of surface evaporation and thus moisture availability.
The cloud and precipitation formation during the ascent of these air parcels and the associated latent heat release enable the marked cross-isentropic flow. These cloud-diabatic processes also modify PV, but the PV increase in the beginning of the ascent is typically compensated by subsequent PV destruction 26,28,29 , resulting in net crossisentropic transport of low-PV air. Such moist, slantwise ascending air streams commonly occur in connection with extratropical cyclones and are denoted as warm conveyor belts (WCBs) 26, 28, 29 . The position of the blocking trajectories at day -3 in winter ( Fig. 4e) is in good agreement with the climatological distribution of WCB starting points 28 , although only 5% of the blocking trajectories ascend more than 600 hPa, which is used as a criterion for the identification of WCBs in this climatology.
During summer, the frequency of WCBs is greatly reduced 28 , in agreement with the typically weaker ascent of the blocking trajectories (Fig. S10 ).
In conclusion, our climatological Lagrangian analysis reveals the existence of two mechanisms associated with the occurrence of atmospheric blocking in the Northern
Hemisphere, and quantitatively shows that they are similarly important. In agreement with classical blocking theories 12, 13, 14, 15 , quasi-adiabatic flow contributes to blocking through the isentropic advection of air masses with mainly low PV. Of equal importance is the diabatic input of low PV entering the blocking region via ascending air streams fuelled by the release of latent heat during cloud formation. The climatologically robust identification of the first-order importance of this diabatic mechanism is a novel finding. 
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The authors declare no competing financial interests. Supplementary online material accompanies this paper. Correspondence and requests for materials should be addressed to S.P. (Fig. S1 ). Over the North Pacific, AGP blocking is mostly detected in more poleward regions compared to PV blocking. Note that, although the AGP blocking definition does not explicitly take the PV distribution into account, PV anomalies associated with AGP blocking are nearly as pronounced as for the PV blocking index (Fig. S2) .
The joint frequency distributions of PV anomalies and diabatic heating along the backward trajectories initialized in the AGP blocking regions ( In summary, this analysis shows that diabatic heating also is of first-order importance when the blocking air masses are identified using the AGP index. The differences between the two blocking indices (mainly on a 3-day time scale) are, in a dynamically consistent way, related to the typically more downstream location of AGP blockings.
This comparison thus strongly corroborates the robustness of our findings presented in the main part of the paper that are based on the PV blocking index.
Data and code availability. The ERA-Interim data can be obtained from the ECMWF data server (see https://software.ecmwf.int/wiki/display/WEBAPI/Access+ECMWF+Public+Datasets).
The blocking identification code is available from https://svn.iac.ethz.ch/websvn/pub; the trajectory code can be accessed at http://www.iac.ethz.ch/staff/sprenger/lagranto/.
